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Abstract 



The topcolor scenario predicts the existences of some new scalars. In this paper, 
we consider the contributions of these new particles to the observables, which are 
related to the top quark pair (ti) production at the LHC. It is found that these new 
particles can generate significant corrections to the tt production cross section and 
the ti spin correlations. 
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1. Introduction 

Searching for the standard model (SM) Higgs boson is one of the main tasks of the 
large hadron coUider (LHC) , which has a considerable capabihty to discover and measure 
almost all of its quantum properties [1]. However, if the LHC finds evidence for a new 
scalar state, it may not necessarily be the SM Higgs boson. Most of the new physics 
models beyond the SM predict the existence of new scalar states. These new particles may 
produce contributions to some physical observables. Thus, studying the possible signals 
of the new scalar states at the current and near future high energy collider experiments is 
of special interest, which will be helpful to test the SM and further to differentiate various 
kinds of new physics models. 

To completely avoid the problems of triviality and hierarchy arising from the elemen- 
tary Higgs field in the SM, various kinds of dynamical electroweak symmetry breaking 
(EWSB) models have been proposed. Among these new physics models, topcolor scenario 
is attractive because it can explain the large top quark mass and provides a new possible 
EWSB mechanism [2]. The main features of this kind of model are: EWSB is mainly 
driven by the technicolor interaction, the masses of the light quarks and leptons and a very 
small portion of the top quark mass are generated by the extended technicolor interaction. 
The topcolor interaction gives the main part of the top quark mass and makes small con- 
tributions to EWSB. Topcolor scenario generally predicts a number of new scalar states at 
the electrowake scale: three top-pions {n^, 7r°), a top-Higgs boson(/i^), and a techni-Higgs 
boson (/ijc)- Some of these new particles couple preferentially to the third generation 
fermions and might produce significant contributions to the physical observables related 
to the top quark. 

The top quark with a mass of the order of the electroweak scale is the heaviest elemen- 
tary particle discovered to date, which is singled out to play a key role in probing the new 
physics beyond the SM [3]. An important property of the top quark is that, compared 
to lighter quarks, its lifetime is extremely short so that its properties are not polluted by 
the hadronization process. In the absence of hard gluon radiation, top quark polarization 
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is conserved, its spin information can be transferred into its decay products. This infor- 
mation can be used to study the Lorentz structure of interaction vertices involved in top 
quark production and decay. 

At the LHC, a large number of top quarks will be produced every year. This fact 
makes that it is possible to measure the observables that depend on the top quark spin 
and the top quark properties with high precision at this facility, which will provide a good 
probe for tests of the SM and for searches of new physics beyond the SM. For hadronic top 
quark pair (tt) production, spin correlations have been extensively studied in the quantum 
choromodynamics (QCD) [4, 5, 6]. If the new particles have sizable couplings to the top 
quark, then they can produce contributions to the tt spin correlations. Effects of new 
physics on the tt spin correlations have been studied at the e+e" collider [7], the photon 
collider [8], and the hadron coUiders [9]. In this paper, we consider the contributions of 
the scalar particles predicted by the topcolor scenario to the tt production at the LHC and 
further discuss their effects on the tt spin correlations. We find that these new particles 
can indeed give significant contributions to the tt production cross section and sizable 
deviation of the tt spin correlations from the SM prediction are possible with reasonable 
values of the free parameters. 

The topcolor- assisted technicolor (TC2) model [10] is one of the phenomenologically 
viable models, which has almost all essential features of the topcolor scenario. So, in the 
rest of this paper, we will give our numerical results in detail under this model. In the 
following section, we will give the relevant formula for our calculation. The numerical 
results and a short discussion are shown in the last section. 

2. The relevant calculation formula 

For the TC2 model [10], technicolor (TC) interactions play a main role in breaking the 
electroweak symmetry. Topcolor interaction makes small contributions to EWSB, and 
gives rise to the main part of the top quark mass, (1 — s)mt, with the parameter £ <^ 1. 



3 



Thus, there is the relation 
where Ut, represents the contributions of TC interactions to EWSB, z/^ = vl\p2 
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Figure 1: Feynman diagrams for the partonic processes i-^ tt {i = gg and qq) in the TC2 
model. 



ni.GeV . Here Ft ~ 50GeV^ is the physical top-pion decay constant, which can be esti- 



mated from the Pagels-Stokar formula. The scalar particles predicted by the TC2 model 
are bound-states of the techni-fermions and of top quark, bottom quark, which are the 
techni-Higgs boson (h^^), top-pions (tt^ ,7r°), and top-Higgs boson 

As it is well known that, in the TC2 model, topcolor interaction is not flavor-universal 
and mainly couple to the third generation fermions. Thus, the couplings of the top- 
pions (tt^, tTj) to the three family fermions are non- universal and they have large Yukawa 
couphngs to the third family. The couphngs of these new scalar particles to the third 
family quarks can be written as [10, 11]: 



iK'^lK'^^hcR^ + V2K\j^*^K'^^CRhLT^+ + /i.e.), (2) 



where the factor y v"^ — Ffj v^, reflects the effect of the mixing between the top-pions and 
the would be Goldstonc bosons [12]. To yield a realistic form of the CKM matrix Vckm, 
it has been shown that the values of the matrix elements K^^li^r^ can be taken as [13]: 



The relevant couplings for the top-Higgs boson are similar to those of the neutral 
top-pion 7r° [13]. However, for the techni-Higgs boson h^^, it is not this case. Its coupling 
to the top quark pair ti is very small, which is proportionate to the factor e/\/2 [14]. 
Furthermore, the mass of h^^ is at the order of ITeV. Thus, compared to the top-Higgs 
and the top-pions, the contributions of the techni-Higgs to the tt production can be 
neglected. 

At hadron colliders, the top quark pair ti is produced through the partonic processes 
of quark- antiquark pair annihilation and gluon fusion: 

i-^t + i, i = gg, qq. (4) 

Where q denotes u, c, d, s, or b quark. It is well known that the former is the dominate 

process at the LHC. In the context of the TC2 model, the Feynman diagrams for these 
partonic processes are depicted in Fig.l. The black dot in Fig.l represents the effective 



gti vertex induced by the new scalar particles (vr^, 7r°, h^), as shown in Fig. 2. Note that 
the boson in each loop denotes a neutral top-pion, top-Higgs or a charged top-pion, while 
the fermion in each loop can be a top or bottom quark depending on the involved boson 
being neutral or charged. 




Figure 2: Feynman diagrams for the effective vertex gtt in the TC2 model. 



The invariant amplitudes for the partonic processes g{pi)g{p2) t{ki, St)i{k2, St) and 
<i{Pi)q{p'2) ~^ St)i{k2, St) contributed by the neutral top-pion or the top-Higgs can be 
written as follows: 

[Pl +P2Y 

{pi+P2y 

M, = -tg'^T'^T'v{p[h'<P2) (p/^p. )2 ^(^i' ^*)[-^^^'^ + ^B,a''^{p[+p',)^ 

+C,ir - (^r^(K +P2)'^)]Kfc2,3f); (6) 



Me = -z^7,'T"TV(pi)e'^(p2)M(fci,sO[A,7M + 5c(A:i-pi)^X/i + C',(A;i-pi)^7^ 
+D^{ki - pi)^ pfx-f' + EAkr - pi)f, + Fe7^7^ + Gc x/i7/. + P^ll^,l^] 
2luv[h,st)] (7) 



{ki - piY - ml 



Me = -2^,^T°TV(pi)6"(j92)»(fcl,5t)7M A ""'^2 ' 2 [Aelu + B,{ki - p^), j/2 

[Ki — Pl) — nit 

+Ce{ki - pi),7^ + D,{ki - Pl), ^^rf" + E^{ki - Pl), + Fe7,75 
+Ge P27a* + P^2l,il^]v{k2, St); 



p/i + mt) 



M, = glT'^T'e^{p,)e\p,)u{k,, s^h, , [^(^1-^1) + {¥1- j/i) 

\Ki — pi) — 

\ki -piY - m, 



{SZy - SZaJ^) + rritSmtl ^jJ^ — 1:2 ^^'^^(^2, Sf); (9) 



Mi = -g'^e^(pi)e''(p2)[Afl'/.i/ + -Bi(P2 - Pi)/.(P2 - Pi)i. + Cj(P2 - 

+A(P2 - + P2)i/ + Ei{pi + P2)iu{p2 - Pl)u + Fiipl + P2)^Plu 

+Gi{pi +P2)n{Pl +P2)u + Hi{pi +P2T{P1 +P2)%ai/(T + Ii{Pl +P2)nPlu 

+ Ji{pi + P2Tpl£nauah : 2'^{kl, St){gv + 9A'y5)l^{k2, St) ■ (10) 

[Pi +P2r - m; 

Here Qs is the QCD coupling constant, stands for the color generator. ki{st) and k2{st) 
denote the momentum(spin) of the top and anti-top quark, respectively. 

For the renormalization of the ultraviolet divergences appearing in the evaluation of the 
vertex and fermion self-energy corrections, we have used the on-mass-shell renormalization 
scheme. The wave function renormalization constants can be determined from the top 
quark self-energy diagrams, which can be written as: 

S(p!) ^p{-{9l + gDBiip") + 2^A^ySi(p2)75]+mt(y^ - ^i)So(p'), (11) 

with 

B, = 2^[Ao(m^) - A,{M^) - {ml - M'+p')Bo], = B^{p\ ml M'). (12) 

Here M denotes the mass of the scalar particle and p is the momentum of the top quark 
t. Aq, and Bq are the well-known one-point, two-point and three point scalar functions 
[15], which are given in terms of the Passarino-Veltman scalar functions. The expression 
forms of the form factors Ai and etc have been given in the Appendix A\ ~ Ab. In the 
on-shell scheme, the finite parts of the counter terms are determined by the requirement 
that the residue of the fermion propagator is equal to one, which fixes the wave function 
renormalization constraints dZv, SZa, and 5mt. Their expression forms are given in 
Appendix A6. The vector- and axis- vector coupling constants gv and gA can be written 
as: 
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for the neutral top-pion 7r°, gv — 0, qa = — £)mt\/ Vw ~ Ft I ^^-^t^w] 



for the top-Higgs boson /i^, gv — — i(l — e)mt\/vyj — F(^/-\/2Fti/^, qa — 0. 

The invariant amphtudes M^, M/, Mh are same as Mc, Mg, M^, respectively, but 
with pi — > P2- Because the expression form of M.j is lengthy, we do not present them 
here. Although, compared with the contributions for other diagrams, the contributions of 
Fig.l(j) to the ti production are small, our numerical results will include its contributions. 

Similar as above, we can give the invariant amplitudes for the partonic processes 
gg — > ti and qq — > tt contributed by the charged top-pions tt^. In order not to make 
this paper too long, we do not present their explicit expressions here. However, in our 
calculation, we will include the contributions of the charged top-pions. 

Using above amplitudes, it is straightforward to calculate the cross section (j*(s) for the 
partonic process i — > tt. The corresponding hadronic cross section (T*(s) can be obtained 
by folding a'^is) with the parton distribution functions (PDFs). The differentical cross 
section for the total hadronic cross section cr(s) is given by: 

dais) sr^ I j j t i \t i .da^{s) 



dX 



/d&^ls) 
dXidX2fi/p{xi,llF)fi/pix2,I^F) , (13) 



where i — qq or gg and X can be chosen to be the ti invariant mass or the transverse 
momentum of the top quark, s = X1X2S is the effective center-of-mass (cm.) energy 
squared for the partonic process i — )■ ti. In our numerical calculation, we will use CTEQ6L 
PDF [16] for fi/p{x,iiF) and assume the factorization scale /ip — iTit- 

The ti spin correlations manifest themselves in decay angular correlations, which are to 
be measured with respect to the chosen reference axes. If the t{i) decays semileptonically 
t — > bl^uiit bl^ui), the charged Icpton / is the best spin analyzer [17]. A useful 
observable is the following double differential distribution [4, 5, 6]: 

TT—i — TT- = t(1 + Bicos9i+ + B2Cos9e- - CcosOt+coset-). (14) 

a dcosB£+dcosB(- 4 

Where a is the cross section of the process pp — >■ tiX — > l'^l~X and 9e+ (Oi-) expresses the 
angle between the t{i) spin axis and the direction of flight of the lepton at the t{t) 

rest frame. In this paper, we choose the helicity basis to analyze the tt spin correlations 
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at the LHC. In this basis, the t{i) spin axis is regarded as the direction of motion of the 
top (antitop) in the tt center-of-mass system. The coefficients Bi and B2 are associated 
with a polarization of the top and antitop quarks, and C reflects the the strength of the 
tt spin correlations. In this paper we focus on investigating C, which can be expressed as: 

C = -k+k-A, (15) 

where ki+ and ki- are the t and t spin- analyzing powers and their values can be written 
as ki+——ki-—l at leading order. The parameter A denotes the double spin asymmetry, 
which is defined as: 

a{++) + a{ ) + + ' ^ ^ 

where a{-\ — ) denotes the cross section for cos^/+ > and cos 9i- < 0, etc. 

The total matrix element squared for the process pp ^ tt + X ^ + X is given 

by: 

\Mf oc Trip'^R^p'-] = p2«K/3,a'/3'P^/3 (17) 

in the narrow-width approximation for the top quark, where a'a and ^'^ are the spin 
labels of the t and i quarks, respectively. The matrices p'^ and p' are the density matrices 
corresponding to the decays t ^ and i ^ l~, respectively. They can be written as: 

pS„ = M{ta ^ bl+Pi)M*{ta' ^ bl+ui), 

pf^ = M{tp ^ hl-Di)M*{tp. ^ IrVi). (18) 
-^a/3,a'/9' production density matrice through the process i in Eq.(3): 

K^,a'/3'= E M{i^tJp)M*{l^tadp,), (19) 
initial spin 

where M{i — >■ tat^) are the invariant amplitudes given in Eqs.(5)-(10). 

In the following section, we will use above formula to calculate some measurable quan- 
tities related to the tt production at the LHC. 
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3. The numerical results 



In our numerical estimation, we will take rrit — 172.7GeV, nib — 4:.5GeV, and 
as = 0.1074 [18]. Except for these SM input parameters, the contributions of the scalars 
predicted by the TC2 model to the tt production cross section are dependent on the 
free parameters e, the masses of the top-pions and top-Higgs. The free parameter e pa- 
rameterizes the portion of the extended technicolor contribution to the top quark mass. 
Numerical analysis shows that, with reasonable choice of other input parameters, e with 
order 10~^ ~ 10~^ may induce top-pions as massive as the top quark [10]. Precise value of 
e may be obtained by elaborately measuring the coupling strength between top-pion/top- 
Higgs and top quarks at the next generation linear colliders. From the theoretical point 
of view, e with value from 0.01 to 0.1 is favored. In this paper, we will assume that its 
value is in the rang of 0.03 ~ 0.1. Since the mass splitting between neutral and charged 
top-pions is very small, we assume m^o = m^±. The top-pion mass is model-dependent 
and is usually of a few hundred GeV [2] . About the top-Higgs mass, Ref. [13] gives a lower 
bound of about 2mt, but it is an approximate analysis and the mass below tt threshold 
is also possible [19]. On the experimental side, the current experiments have restricted 
the masses of the charged top-pions. For example, the absence of t — > 7r^6 imphes that 

> 165GeV [20] and Rb analysis yields > 220G'el/[21]. For the masses of neutral 
top-pion and top-Higgs, the experimental restrictions on them are rather weak. So, in our 
numerical estimation, we will take m^o = m^± = m/jO = M and assume that the value of 
M is in the range of 200GeV ~ 450^6^. 

To see whether the effects of these new scalar particles on the top quark pair production 
can be detected via measuring observables at the LHC, we define the relative correction 
parameters as: 



Ri = 



O'tot — O'SM 



p _ I 

datot/dpT - dasu/dpT | 

dosM/ dpT 
dutot/dMu - dasM/dMt 

dasu/dMtt 




-Asm 



RsiPr) 



tt 



(20) 
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Here the total tt production cross section atot includes the contributions coming from both 
the SM and the new scalars predicted by the TC2 model. Pt and Mtj represent the top 
quark transverse momentum and the tt invariant mass, respectively. 
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Figure 3: The relative correction parameters 
mass parameter M for three values 
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Ri and R2 are plotted as functions of the 
of the parameter e. 



Our numerical results show that, in the case of m^o = m^± — m^jO, the contributions 
of the neutral top-pion 7r° to the relative correction parameters Ri are at the same order 
with those for the top-Higgs h^. However, the contributions of the charged top-pions Trf" 
are smaller than those for 7r° or at least by one order of magnitude. This is because, for 
TT^, the fermion in each loop is bottom quark and furthermore there is no the s-channel 
Feynman diagram Fig.l(i). Summing up all of these contributions, we can obtain the 
contributions of the scalars predicted by the TC2 model to Ri, as shown in Fig. 3 and Fig.4, 
in which we have taken the cm. energy ^/s=14:TeV . From these figures one can see that 
these scalar particles can indeed produce significant corrections to the observables, which 
are related the top quark pair production at the LHC. The correction effects decrease as 
the mass parameter M and the parameter e increasing. In wide range of the parameter 
space, the correction effects of the new scalars to the tt production cross section a{tt) 
are significant large, and the value of the relative correction parameter Ri is larger than 
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Figure 4: The relative correction parameter Rs{R4) as a function of the transverse 
momentum P7'(invariant mass Mtt) for e — 0.05 and three values of the mass 
parameter M. 



10%, which might be detected at the LHC. For the masses of the scalars equaling to 
SOOGeV and s — 0.05, the values of the relative correction parameters R3 and R4 are in 
the ranges of 9% ~ 52% and 10% - 17%, respectively. For 200GeV <M< ibOGeV and 
0.03 <e< 0.09, the values of the parameter R2 is in the range of 14% - 29%. Ref. [22] 
has shown that the spin asymmetry A of the top-antitop pairs in the SM will be measured 
with a precision of about 6% after one LHC year at low luminosity (10/6~^). Thus, the 
correction effects of the scalars to the spin asymmetry A should be detected. 

Certainly, the scalar particles predicted by the TC2 models can also produce correction 
effects on the observables, which are related the top quark pair production at the Tevatron. 
However, since the partonic process qq — > tt is the dominate process at the Tevatron, the 
contributions of these new particles to the correlative observables are smaller than those 
for the LHC. For instance, in wide range of the parameter space of the TC2 model, the 
relative correction value of these new scalars to the tt production cross section a{tt) is in 
the range of 3% ~ 11% at the Tevatron. 

In conclusion, we have considered the contributions of the new scalars predicted by the 
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TC2 model to the tt production and the tt spin correlations at the LHC. Our numerical 
results show that these new particles can generate significant corrections to some correl- 
ative observables. The LHC might detect these correction effects in near future. Thus, 
one can use the process pp ^ tt + X to test the possible signatures of these new scalars at 
the LHC. Furthermore, most of the new physics models in the topcolor scenario predict 
the existence of the neutral and charged scalars, which have similar features as those for 
the TC2 model. So our conclusions are apply to the topcolor scenario. 
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Appendix : 

In this Appendix, we list the form factors of the invariant amphtudes for the partonic 
processes g{pi)g{p2) — >■ t{ki, St)t{k2, Sf) and qipi)q{p2) — >■ t{ki, St)t{k2, St). The countert- 
erms SZy, SZa, and Suit coming from the top quark self-energy contributions are listed 
in Appendix A6. 

Al. Form factors appeciring in Ma 



Aa = 1 + . . / o 2 [MM') - AK) + {2mt - M')]Bo{mt, M\ m: 



+1^1;;^^'^°^'"*^ ~ ^'^^'^^ + ^o(^',m?,m?)^^^-^^[-48m^ + (-16m? 

+16M2 + 14s)m? + 8m?s - - 2m?s + 2714"^ si + --_J___Bo(m?, M^,m'?) 

J t t t J 2(s-4m?)2 ^ *' ' *^ 

[32m^ + (32m? - 32M2 - 6s2)m? - 8m?s - 2s(m? - M^)] + ^ 



2{s - 4m?)2 

Co(0, mlpip2s, ml m?, M2)[48m^ + (32m? - 32714"^ - 6s)m^ + (32m:^ 



-32mtM2 - 24mts)m? + (16m^ + 20M^s + 16M^ - 28m?s + 2s'' - 32m?M^)m? 



+ (4mts^ - 8m?s + 8mtM^s)mt + 2m?s + 2m^s + 2M^s - 4m?M2s]} - 



167r2 



s 2 1 
I— 77- H ^fAo(m?) - Ao(M^)] + — ^5o(s^,m?,m?) 

^2(s-4m?) s-4m?^ 2(s - 4m?)2 ' *' *^ 

[16m^ + (leM^ - 16m? + 14s)m? - 8m?s - s' - 2m?s + 2M'^s] 

2{s 4m?)^ ^°^^*^' + ~ ^^^^ ~ 6s^)m? + 8m?s 

-2s(m? - M')] + 2(g - 4^2)2 ^o(0, m?,pip2., m?, m?, M^)[48m^ 

+(32m? - 32M^ - 6s)mt + (32m? + 32mtM^ - 24mts)m? 

+(16m^ + 20M^s + 16M^ - 28m?s + 2s^ - 32m?M2)m? + (4mts2 - 8m?s 

+8mtM2s)mt + 2m?s + 2m^s + 2M^s - 4m?M2s]}}, (21) 
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[2ml - 8ml + {-6ml + 6M^ + s)mt + 2mts] + Bo{ml M\ m^,) — \ 

mt[s — 4m( 

[6m^ + {10ml - lOM^ - s)ml - 2m^s + (M^ - mj^)^] 

+Co(0, mlp^p2s, ml ml Jf^^^^i^^t + i^^l + - s)m,^ 
-{4:ml - + s)m?] + [-3m^ + ml{6M^ + s) - 3M^ - 2714"^ s]mt 

+Bo{s, ml, ml)-^j—^^^^[2ml + 8ml + {-6ml + GM^ + s)mt - 2mts] 

+Bo{ml Ml ml ) — \ „,J -10mf + (lOm,^ - lOM^ - s)ml + 2mls 
^ * ^ 'mt{s-^mlY^ £ V t / t t 

+ (M2 - m?)s] + Co(0, m?, piP2s, m?, M^) J -3mf + (2m? + 2M2 

-s)m^ - (4m? - 4M2 + s)ml] + [-3m^ + ml{6M^ + s) - 3M^ - 2M^s]mt 
-mt{ml - M2)s}}, (22) 



^» = -j^{-l + ^^^Bo{s,mlml){Aml-2M' + s) + Bo{mlMlml) 
iDTT"' s — 4m( 

' r)(4m? + Ml + Co(0, m?,piP2s, m?, m?, M^)( . ~^ J (4m? + 



[2m^ - (2m? + 2M^ + s)m? + - 2m? + m?s]}. (23) 

Here s = {pi +P2Y- Co is the three point scalar function [15]. We also introduce the 
following shorthhand notation: 

^oiml) = ^Bo{ml Ml ml) 1^.=^. . (24) 
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A2. Form factors appearing in Mf, 



^ ||^[^o(M2)-i?oK^M^m,VoK) + (2m,2-M2)] + ^[(^l^ 
(M^ - 2ml) - {9\ - 9l)2ml]B',{ml) + {-^{, 



gvQv r s 2 



IGtt^ 2(s — Amf) s — Am. 



[A^{ml) - Ao{M^)\ + 2(g _ 4^2)2 -^o(g^ m^)[-48m^ + (-16m^ 

1 



1 



2(s-4m?)2' 

[32m^ + (32mt^ - 32M^ - 6s^)ml - 8mls - 2s{ml - M^)] + 



2(s - 4m2)2 

Co(0, ml,piP2s, ml, ml, M'^)[ASml + {2>2ml - 32M^ - 6s)m^ + (32m^ 
-32mtM'^ - 2Amts)m^ + (16m^ + 20M'^s + 16M^ - 28m?s + 25^ - 32mlM^)ml 
+ {AmtS^ - 8ml s + 8mtM^s)mt + 2771^^5 + 2m^s + 2M^s - 4mt^M2s]} - 



[16mj + (IGM^ - 16ml + 14s)mj - Sm^s - - 2mj^s + 2M^g] ^^, 4^^)^ 
Bo{ml, M^,ml)[-32mt + (32m^ - 321'/^ - 6s^)ml + Sm^s - 2s{ml ~ M^)] 

^ 2(g-4mf)2 ^°^°' ^?,PiP2., m^, M2)[48m,^ + (32m2 - 32M2 - 6s)mt 
+{32ml + 32mtM'^ - 2Amts)ml + (16m^ + 20M^s + 16M^ - 28m^s + 2s^ 

-32mlM'^)ml + (AmtS^ - 8m^s + 8mtM^s)mt + 2mls + 2m^s 

+2M^s-4m^M2s]} + l}, (25) 



167r2'-s-4mf mt(s-4mf)^ ^ ^ (s - 4mf )2 ^' *' 

[2m^ - 8ml + {-^''^l + + s)mt + 2mts] + Bo{ml, ml, ^ ^ 



mt{s — AmlY 

[6m^ + {IQml - lOM^ - s)ml - 2mls + (M^ - ml)s\ 
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-(4m? - + s)ml] + [-3m^ + mj2(6M=^ + s) - 3M^ - 2M2s]mt 

+Bo(mf, M^, ml) — ^[-lOmf + (lOm,^ - lOM^ - s)m,^ + 2mfs 

^ * mt{s-AmlY^ t V t / t t 

+(M2 - m?)s] - Co(0, mlp^s. ml ml (g _ 4^2)2 + (2^t + 2^^ 

-s)m? - {Ami - + s)"^t] + [-3^* + mt^(6M2 + s) - 3M^ - 2M2s]mt 
-mt{ml -M^)s}}, (26) 

a = -^{-l + ^-^(4m?-2M2 + s)So(5,m?,m?)-So(m^M^m,^) 



( . ^ J (4m,^ + M^) - ,^-^Co(0,m2,piP2.,m2,m2,M2)(4m2 + M2) 



^)(4m,2 + M2)-^ 
-Amf^ * ^ s-4 

[2m^ - {2ml + 2M^ + s)ml + - 2m?M2 + m^^s]}. (27) 



A3. Form factors appeciring in Mc 

^ ll-K^ 4(pf + pi ■ P2) ^^^^ ^ ' - ^o(piP2., M^))(2m? - M^)] 

+2(p? +pi • p2)(-l + Bo{piP2s, ml M^) - 4Co(0, mlpip2s, ml ml M^)ml)} 
-SZv, (28) 



^ -WA[ml - 2{pl + p2 ■ P.)] {Pl + P2 ■ + 

-5o(piP2., m?, M2))(2m2 - M2)m2 - 2[25o(piP2s, m?, M2)m2 - Bo(m?, ml M^) 

ml - 2Bo{pip2s, ml M^)M^ + 2Bo{ml ml M^)M^ + ml + Bo{pip2s, ml M^)ml 

-Bo{ml ml M^)ml - 2Co(0, mlpip2s, ml ml M^)mt + Ao(m?) + Ao{M^)] 

{pI+Pi-P2) + 4(1 + 2Co{0,mlpiP2s,mlmlM^)ml){pl+p2 -pi)'}, (29) 
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ml{2ml - M'^)gAgv + '2{Bo{ml ml M^)ml - Bo{ml ml M'^)M^ 

-Bo{piP2s, ml M^)ml + Bo{ml ml M^)ml - Ao{ml + A^M^) 

{pi+Pi-P2))}, (30) 



m^(2m^ - M^) - 2(So(0, m4^)m^ - 2So(piP2s, m^, M2)m^ - So(0, m^M^ 

+2Bo{piP2s, ml M^)M^ - mj + Bo{0, ml ml)m\ - B^ip^p^s, ml M^)ml 

-2Co(0, mlpiP2s, ml ml M^)mt + Ao{ml - Ao{M^)]gA9v 

{pl+P2-Pi)l (31) 



Ec = lel^ 2(p2 + . {-2(^o(piP2., M^) - ^o(m^ m,^ M^))(y^ - gl)mt 

+ 3 o N [(^1 + ^y)((^o(PiP2., m^, M2) - 5o(m2, m^, M^)) 

m^ - 2mt{pi+pi ■P2) 

m1{2m1 - W) + 2{Bo{ml ml M'')ml - B^{ml ml M^)M^ - Bo(piP2s, ml W) 

ml - Bo{mlmlM^)ml - Ao{ml) + Ao{M^)){pi + pi ■ P2)m , (32) 

" lel^ 2{pl + pi • P2) ^* ' ~ ^oi'^t^ml M^)){2ml - M^) 

+2(-l + So(piP2., ml W) - 4Co(0, mlpiP2s, ml ml M'')ml){pl + pi • ps)]} 
-5^A, (33) 

^ T^{Co{0,mlpiP2s,mlmlM^){gl- gl)mt- ^ / -(Bo(0, mj, m^) 

-Bo(piP2s, ml M^))(g\ + gl)mt, (34) 



■^"^ ^ 167r^ (pf +pi • P2) ~ m^))mt]. (35) 

Where piP2s = — 2(pf +pi •P2) for the ofF-shell i quark and piP2s = — 2(p2 +P2 -pi) 
for the off-shell t quark. 
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A4. Form factors appearing in Mg 



-1 



167rM(pi+p2-pi) ^^^^ + 9v)[iMml M\ ml) - Bo{pms, M\ ml)){2ml - M') 
+(2 - 2Bo{piP2s, M^, ml) + 4CoK' + ^')(^t , 0,piP2., M^, m^, m])) 

sW-^Zy, (36) 

Wtt-^ A[mf - 2{p^ + P2 ■pi)J(P2 +P2 -Pi) 

{2ml - M^Wt - 2(5o(m^ M\ m^ml - 5o(PiP2., M^, m^ml - Bl^M^ 
-Bo(pip2s, M^ ml)M^ -ml + Bo(ml, M^ mt^)mt^ - Bo(pip2s, M^ mt^)mt^ 
-2CoK, 0,piP2s, M\ ml ml)mt - AqK) - Ao{M^)){pl + P2 ■ Pi) 
-4(1 + 2Co(m^ 0,piP2., M^ m^, m2)m2)(p2 • PifMol + ^y)}, (37) 

— — ^r^^ ^ — ^TT^^ r{5A^y[(^o(^?, "^?) 

167r2 m^m^^ - 2(p^ + P2 ■ Pi)J(P2 + P2 ■ Pi) 

-Bo{piP2s, Ml ml)){2ml - M^m^ - 2{Bo{ml Ml ml)ml - Bo{ml Ml ml)M^ 
+Ao(Ml + Bo{ml M^, ml)ml - Bo(piP2s, M^ ml)ml - Ao(ml)) 
(P2+P2-Pi)]}, (38) 

2or 2 0/2^ ~\u 2^ ^{[(Mml Ml ml) - Boip^s, Ml ml)) 

1671-^ 2[mf -2{p^ +P2 ■pi)J(P2 +P2 -pi) 

{2ml - Mlml - 2{Bo{ml Ml ml)ml - 5o(piP2„ Ml ml)ml 
+Bo{ml, M^, ml)M^ + Bo{piP2s, M^, ml)M^ - ml + Bo{ml, M^, ml)ml 
-Bo{piP2s, M^ ml)ml - 2Co{ml, 0,piP2s, M^ ml, ml)mt + Ao{ml) - AqM^) 
(P2 +P2 - Pi) - 4(1 + 2Co{ml,0,pms,Mlml,ml)ml){pl+p2-pi)lgA9v}, (39) 
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Ee = g^Co(m( , 0,piP2s, m^, m^)2g^mt + [{-g\mt - 3gvmt){Bo{m^, m^) - Bq 
{piP2s,M^,mt) - 2Co{mt,0,pip2s,M^,mi,m'^t){pl+p2-pi))] 

^ l&7r^(pl+P2-Pi) ^^^^ + 9v)mt[Bo{ml M\ ml) - 5o(piP2., M\ ml) 
Bo{mlM',ml){-M')+Ao{ml)+Ao{M') 
2ml 

+2Coiml, 0,piP2s, ml, ml){pl + p2 ■ pi) 
-Aojml) + Ao{M^) + Bo{p,p2s, M\ml){-M^ + 2{pl+p2-pi)) 

2[ml-2{pl+p2-p,)] J-^' ^^^^ 

i^e = 3^^2(p2^p^.p^) {^^^^[(^oK'' "^t ) - ^o(piP2s, M^ m^))(2m^ - M^) + 4Co 
(m?, 0,pip2s, M^, ml ml){ml + M2)(p2 + . p^) + (2 - 2Bo{piP2s, M\ ml)]} 
-5Za, (41) 



Ce = 327^2(^2",^ . {B^i^l M^ m,^) - ^o(piP2s, M\ ml)){gl + g^) + {pi + p2 • Pi) 
2Co(m^, 0,pip2., M^, m^, m2)mt(^i - g^,), (42) 



^ l&TT^ (p^ +P2 ■Pi)^ ^'^^^"^*^^''^"^"^*' ~ Bo{PiP2s, M^, ml))ml 

+{Bo{ml, Ml ml) - Bo{0, ml, ml) - 2Co{ml, 0,pms, Ml ml ml)MlM^{p2 ■ pi 
+pI) + 2Coiml 0,pip2s, Ml ml ml) + Bo{piP2s, Ml ml)]. (43) 

A5. Form factors appeciring in Mj 

Ai = Agvmt{[ml - (pi +^2)^ + {pf+Pi ■ P2)]Co{pI {P2 - Pl)^ 0, ml ml) 
[{pi - 3P2){P2 - Pi)]Ci2{pI (P2 -Pl)^0,m^,m^) - {3pl + pi ■ P2) 
Cu{pI {p2 - Pl)^ 0, ml ml) + 2(pi • p2 - pl)Cu{pl {p2 - Pl)^ 0, ml ml) 
Ci2{pI ip2 - Pi)l 0, ml ml) - pIC^pI {P2 - Pi)l 0, ml ml), (44) 
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Bi = 16mt5fyC22(Pi, (P2 - 0, ml, m^), 

Ci = 8mtgv['2C23(pl, (P2 - 0, m^, m]) - C^ipl, (p2 - 0, m^, m^)], 

Di = 8mtgvCi2{pl, (p2 - 0, m^, m^), 

Ei = IGmtgvCuipl, {p2 - Pif, 0, , m^), 

Fi = -16mtgvCn{pl, {p2 - 0, , m^), 

= 8mtgvCo{pl,{p2-pif:0,ml,ml), 

Hi = -iimtgACo{pl, {p2 - Pif, 0, , ), 

= -AmtgvCo{pl,{p2-pif,0,ml,ml), 

Ji = AimtgACoipj, {p2 - 0, , m^). 

A6. The counterterms SZy, 5Za, and 

SZa = ^^[Ao(M2)-AoK) + (2m?-M2)i?oK^M^m,2)], 



-{gl-gl)2ml]B,{ml), 



M + 9'v)[Ao{Mr - Aoiml)] + M + g'y) 
{ml - M') + {g\ - gl)ml]B,{ml M^ ml)}. 
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